1] Space-time variations of tropical upper tropospheric water vapor and cirrus clouds associated with the intraseasonal oscillation (ISO) are investigated using data from the Microwave Limb Sounder (MLS) and the Cryogenic Limb Array Etalon Spectrometer (CLAES) on board the Upper Atmosphere Research Satellite (UARS). Composite moisture and meteorological fields based on five ISO events selected in two boreal winters (1991)(1992)(1993) are analyzed using 20-80 day band-pass-filtered data. At 215 and 146 hPa, wet anomalies with frequent appearance of cirrus clouds exist over the convective system and move eastward from the Indian Ocean to the central Pacific, suggesting a direct effect of convective activity up to this level. At 100 hPa, however, the moisture field seems to be indirectly affected by convective activity through the dynamical response to the convective heating. Dry anomalies are observed over the Indian Ocean around the developing stage and over the eastern Pacific around the mature-to-decaying stage of the ISO. Cirrus clouds are frequently found over the cold region located to the east of the convective system. These structures around the tropopause level are closely related to the eastward moving Kelvin and Rossby wave responses to the convective heating with the equatorial cold anomaly and with the subtropical anticyclonic gyres. Between the two gyres the easterly wind blowing through the equatorial cold region may cause dehydration through cirrus formation when the convective system develops over the Indian Ocean and the western Pacific. As the northern gyre intensifies, tropical dry air is transported to the subtropical Pacific and eventually to the equatorial eastern Pacific. It is suggested that the temperature and flow variations due to the coupled Kelvin-Rossby wave structure play an important role in dehydrating air in the tropical and subtropical tropopause region. INDEX TERMS: 3362 Meteorology and Atmospheric Dynamics: Stratosphere/troposphere interactions; 3374 Meteorology and Atmospheric Dynamics: Tropical meteorology; 0368 Atmospheric Composition and Structure: Troposphere-constituent transport and chemistry; KEYWORDS: upper tropospheric water vapor, cirrus clouds, intraseasonal oscillation Citation: Eguchi, N., and M. Shiotani (2004), Intraseasonal variations of water vapor and cirrus clouds in the tropical upper troposphere,
Introduction
[2] Water vapor in the tropical upper troposphere has been a focus of much interest in the terrestrial radiation budget and the stratospheric chemical balance [e.g., Soden and Fu, 1995; Stratospheric Processes and Their Role in Climate (SPARC), 2000] . In particular, it plays a principal role in cirrus cloud formation linked to the radiative balance and dehydration mechanism in the upper troposphere [e.g., Ramanathan and Collins, 1991; Rosenfield et al., 1998 ]. From the viewpoint of stratosphere-troposphere exchange (STE) the tropical upper troposphere, including the tropopause region, is important because it is the primary region of entry of mass and chemical species to the stratosphere.
[3] There has been substantial discussion on the tropical tropopause region in relation to STE mechanisms [e.g., Holton et al., 1995] . The tropopause was regarded as a sharp boundary, but more recently it has been recognized that there is a transition layer between the troposphere and the stratosphere; it is called the tropical tropopause layer (TTL). The TTL is supposed to be located between a few kilometers below and above the tropical tropopause defined by the cold point temperature (about 14-19 km) [e.g., Highwood and Hoskins, 1998 ]. In the TTL, dynamical and chemical properties of the atmosphere gradually change from tropospheric to stratospheric features. Several dehydration mechanisms in the TTL have been proposed, such as slow rising motion across the cold tropical tropopause accompanied by freeze drying [e.g., Brewer, 1949] , overshooting convective turrets that penetrate the tropopause and dehydrate [e.g., Danielsen, 1982] , horizontal transport through the cold region that causes dehydration to the saturation mixing ratio in the TTL [Holton and Gettelman, 2001] , and buoyancy waves with vertical parcel displacement bringing about temperature perturbations to dehydrate through ice cloud formation [Potter and Holton, 1995] . No conclusive evidence has yet been presented that any of these mechanisms is dominant.
[4] The intraseasonal oscillation (ISO), also known as the Madden and Julian Oscillation (MJO) , with a timescale of 30-60 days, is one of the most dominant phenomena in the tropical region [e.g., Madden and Julian, 1994] . The eastward moving convective system affects not only the temperature and wind fields but also the humidity field in the troposphere. Moreover, the MJO could have an influence on tropical STE. In early studies, Madden and Julian [1972] suggested the existence of an eastward propagating temperature perturbation at the tropopause in accordance with the MJO. Parker [1973] found zonal wind disturbances associated with the equatorial Kelvin wave around the tropopause, between 150 and 70 hPa, with a timescale of 25 -40 days. Recently, significant roles of the equatorial Kelvin wave and the MJO on the tropical STE have been pointed out using analysis of balloon-borne observations [e.g., Fujiwara et al., 1998 ].
[5] In spite of its importance, upper tropospheric water vapor has not been well observed. This is mostly because of the difficulty in making accurate measurements of extremely low water concentration by using conventional observation techniques. The Microwave Limb Sounder (MLS) on board the Upper Atmosphere Research Satellite (UARS) provided upper tropospheric water vapor data on a global scale for about 7 years, beginning in September 1991 [Barath et al., 1993] , albeit with rather coarse resolution and fairly low precision. Using this data set, the global view of upper tropospheric water vapor has been gradually established, at least on seasonal timescales [e.g., Read et al., 2001] . However, there is still a lack of understanding about the distribution and variation of water vapor in the tropical upper troposphere on intraseasonal timescales.
[6] There are few studies investigating characteristics of the ISO in upper tropospheric water vapor using the UARS MLS Upper Tropospheric Humidity (UTH) data [Clark et al., 1998; Mote et al., 2000; Sassi et al., 2002] . Clark et al. [1998] found an eastward moving moisture field associated with the MJO at 215 hPa in the tropics. Mote et al. [2000] examined the intraseasonal response of water vapor over convective systems, finding a change from anomalously wet conditions at 146 hPa to anomalously dry at 100 hPa in the Eastern Hemisphere. However, these studies have not necessarily addressed the mechanisms which control the water vapor distribution in the TTL associated with the ISO, which will be discussed in this study.
[7] Thin cirrus clouds have also been given attention from the viewpoint of dehydration around the tropopause. Jensen et al. [1996] proposed, using a detailed microphysical cloud model, that cirrus clouds near the tropical tropopause region can be classified into two types: anvil cirrus clouds from deep convection and in situ cirrus produced by large-scale slow upward motion. The latter mechanism is supported by an observation of thin cirrus layers far from deep convection [Winker and Trepte, 1998 ]. Potter and Holton [1995] proposed that thin ice clouds in the lower stratosphere can be generated by vertical parcel displacement produced by convectively driven buoyancy waves, using a mesoscale dynamical model with tropical convection to support this mechanism. The result also indicates that dehydration does not require convection to penetrate the tropopause. Boehm and Verlinde [2000] suggested, using lidar and radiosonde observations, that cirrus clouds near the tropopause are related to temperature perturbations owing to the equatorial Kelvin wave. However, the formation and maintenance of cirrus clouds near the tropopause on the global scale have not yet been clearly understood.
[8] Several investigations have been conducted with satellite observations on the seasonal and interannual variations of upper tropospheric cirrus clouds. Wang et al. [1996] inferred subvisual clouds in the upper troposphere and the lower stratosphere from the aerosol extinction data of the Stratospheric Aerosol and Gas Experiment (SAGE) II. They revealed that the derived cloud distribution is similar in space and time to the previous cirrus climatology determined from ground-based observations [Warren et al., 1986 [Warren et al., , 1988 . They showed that the subvisual cloud frequency in the tropics is 45% in the zonal mean and 70% over the western Pacific in the annual mean data set.
[9] To infer the tropical upper tropospheric cirrus, Mergenthaler et al. [1999] tried to use the 780 cm À1 aerosol extinction data of the Cryogenic Limb Array Etalon Spectrometer (CLAES) on board UARS and compared their result with the SAGE II cloud climatology of Wang et al. [1996] . They regarded an extinction value (0.9 Â 10 À3 km À1 ) as a threshold of thin cirrus clouds and found that the seasonal distribution of clouds derived from the CLAES agrees well with the SAGE II result.
[10] Moreover, Sandor et al. [2000] compared MLS relative humidity data (relative humidity with respect to ice; hereafter RHi) with cirrus clouds inferred from the CLAES aerosol data based on the same threshold as Mergenthaler et al. [1999] ; the CLAES and the MLS measurements are coincident to less than 30 s, which corresponds to 200 km, along track. They found a strong correlation between the two data sets and showed that the cirrus clouds inferred from the MLS RHi exhibit clear interannual variations, such as those due to the El Niño/ Southern Oscillation (ENSO) cycle.
[11] This study will focus on space-time variations of upper tropospheric water vapor and cirrus clouds associated with the ISO by using the UARS MLS water vapor data and the UARS CLAES aerosol data. In particular, we will investigate relationships among water vapor, cirrus clouds, and meteorological fields in the TTL and will try to find a control mechanism of water vapor distribution in the TTL associated with the ISO.
[12] The analysis data are explained in section 2. We perform a composite analysis on water vapor mixing ratio, cirrus cloud frequency, and meteorological variables, which is explained in detail in section 3. In section 4 we show longitudinal characteristics of moisture and other fields during the ISO life cycle by using the composite data. We also investigate the vertical features in section 5 and the horizontal structures in section 6. Finally, section 7 summarizes and concludes the findings.
Data
[13] We used the UARS MLS water vapor data in the upper troposphere (level 2, version 490) and in the lower stratosphere (level 3AT, version 0104) [cf. Read et al., 2001; Pumphrey, 1999] . The MLS on board the UARS observed the low latitudes (30°S-30°N) from October 1991 to April 1993 with only a few gaps. The MLS views the atmospheric limb in a perpendicular direction to the orbit path and yields a total of about 1300 vertical profiles along the orbit each day with adjacent orbits being separated by about 25°.
[14] A daily grid map of water vapor used in this study is constructed by the following procedure. First, all profile data of the ascending and descending nodes for each day are binned into the corresponding longitude-latitude box on a 5°Â 2.5°grid. Since there are too few data to cover the globe for each day, we composited data from 5 days to define each daily map rather than doing interpolation in the longitudinal direction. Then we can use an almost complete grid of data between 30°S and 30°N from October 1991 to April 1993.
[15] The upper tropospheric data for relative humidity with respect to ice (RHi, %) and water vapor mixing ratio by volume (hereafter WVm, ppmv) are provided at the UARS standard pressure levels [cf. Read et al., 2001] , but in the lower stratosphere (above 100 hPa) only the WVm data are provided. In the tropics, pressure levels at 215, 146, and 100 hPa almost correspond to 11.5, 14.0, and 16.5 km, respectively. The level at 146 hPa is close to the bottom of the TTL; most tropical convection can reach up to this level [cf. Gettelman et al., 2001] .
[16] The MLS UTH data contain an artifact related to the UARS yaw cycle about every 36 days, especially at 146 hPa [cf. Read et al., 2001] . The yaw cycle variation of brightness measured by the MLS is about 0.8 K, which corresponds to about 10 ppmv variation of WVm at 146 hPa. This effect is not obvious at 215 and 100 hPa. To avoid this effect, we use departures from the zonal mean for the composite analysis at all levels. Anomalies from the zonal mean are also used for other meteorological parameters. Thus we will not discuss the zonally uniform structure of temperature field in the tropical upper troposphere such as that reported by Bantzer and Wallace [1996] .
[17] The MLS often provided values over 100% RHi in the tropical upper troposphere. The fraction of data over 100% RHi at 146 hPa reaches nearly 80% over the active convective areas, such as Africa, South America, the maritime continent, and the western Pacific. This is sup-posed to be due to retrieval issues affected by several factors, such as random error and uncertainty in the National Centers for Environmental Prediction (NCEP) temperatures, but Jensen et al. [1999] presumed that an existence of ice particles in the field of limb viewing with about 200 km would be the most critical one. They further showed that high humidity in the MLS data is closely related to frequent occurrence of cirrus clouds in the tropical tropopause region. In this study, all values greater than 100% RHi are replaced with 100% RHi.
[18] As described in section 1, it has been known that cirrus clouds inferred from the CLAES aerosol data can well represent the cirrus climatology and that the cirrus cloud frequency is in good agreement with the high RHi frequency of the MLS [Jensen et al., 1999; Sandor et al., 2000] . In this study we used the current version 9 CLAES 780 cm À1 aerosol extinction data to detect ice particles. The version 9 data set is a recommended version for use, but we found that distribution of the version 9 extinction data is rather different from that of the version 8 data used by Mergenthaler et al. [1999] . After comparing with the MLS RHi data over 100%, which can be statistically regarded as cirrus clouds at 146 hPa, we set a new threshold to be 3.3 Â 10 À3 km À1 rather than 0.9 Â 10 À3 km À1 which was used by Mergenthaler et al. [1999] .
[19] Other meteorological variables such as temperature and wind fields come from the European Centre for Medium-Range Weather Forecasts (ECMWF) operational analysis data. The ECMWF data are available on a 2.5°Â 2.5°grid, but we reduced the longitude grid to 5°interval and interpolated the data onto the UARS standard levels in the log-pressure coordinate.
[20] Outgoing longwave radiation (OLR) data come from the National Oceanic and Atmospheric Administration (NOAA) operational satellites. The OLR is used as a proxy for the intensity of convection. The daily interpolated OLR data are available on a 2.5°Â 2.5°grid, but we reduced these data to a 5°Â 2.5°grid.
Filtering Process and Composite Procedure
[21] The primary focus of this study is on temporal and spatial variability of the upper tropospheric water vapor and cirrus clouds with an intraseasonal timescale. To isolate the ISO signal, we applied a 20-80 day band-pass Lanczos filter with 201 weights to all variables. The exception is for the cirrus cloud frequency, since it has a bounded value between 0 and 100%.
[22] Figure 1 shows a longitude-time section of the OLR anomaly field averaged between 10°S and 10°N. Some eastward moving convective systems are evident from the Indian Ocean to the western Pacific, particularly during boreal winter and spring. Convective activity in the Eastern Hemisphere is larger than that in the Western Hemisphere. We focus on ISO events during boreal winter seasons when the eastward propagating feature is clearly seen [e.g., Madden, 1986] and when dehydration in the TTL is supposed to be most effective since the tropopause temperature in the boreal winter is colder than that in the boreal summer [Seidel et al., 2001] . We calculated the standard deviation at each grid point with the band-pass-filtered OLR data between 30°S and 30°N during boreal winter (from November to April) and found the maximum at 165°E, 10°S; we define this location as a reference point. The next maximum exists over the equatorial Indian Ocean where most intraseasonal convection develops ].
[23] The time series of OLR anomalies at the reference point is used as an index of the ISO. Following Kiladis et al. [2002] , the day having the lowest OLR anomaly value under À20 W m À2 is referred as day 0 (the key day). Five ISO events are selected on the basis of this index. A track for each convective system is subjectively superimposed with a solid line in Figure 1 . Although each event has different features, such as about the propagation speed and intensity, the composite OLR field well represents a typical ISO life cycle, as will be shown in section 4.
[24] During the El Niño winters, convective activity related to the MJO penetrates more eastward into the central Pacific than normal [e.g., Fink and Speth, 1997; Hendon et al., 1999] . Note that the first winter is in a developing stage of the 1991 -1992 ENSO event when the central eastern Pacific is warmer than usual and the active convective region shifts eastward. The latter two events are included in the period of Tropical Ocean Global Atmospheres/ Coupled Ocean Atmosphere Response Experiment of the Intensive Observation Period: November 1992 to February 1993 (TOGA/COARE IOP), and there are some studies investigating these events in detail [e.g., Yanai et al., 2000] .
Characteristics of Eastward Propagating System

OLR and Velocity Potential
[25] Figure 2 shows a longitude-time section of the composite OLR anomaly (contours) and the velocity potential anomaly at 146 hPa (shading) averaged between 10°S and 10°N. Open circles indicate the location of the OLR minimum on each day. In the OLR field the active convective region appears over the central Indian Ocean around day À20 and moves eastward to the date line with an average phase speed of 5.4 m s À1 , which is in good agreement with previous studies [e.g., Hendon and Salby, 1994] . After passing over the date line, convective activity decays, and the eastward moving system is hardly observed in the Western Hemisphere.
[26] In the velocity potential field at 146 hPa (shading in Figure 2 ), negative anomalies move around the globe. In the Eastern Hemisphere from the Indian Ocean to the western Pacific the minimum values are almost constant, and locations of these minima correspond approximately to those of the OLR minima. In the Western Hemisphere, though the negative anomalies are weak, they move eastward faster than in the Eastern Hemisphere. The period of the eastward moving system around the globe is about 45 days.
Temperature and Zonal Wind
[27] Figure 3 shows longitude-time sections of the composite temperature and zonal wind anomaly fields at 100, 146, and 215 hPa. Open circles represent the location of the OLR minimum on each day, indicating the active convection center as in Figure 2 .
[28] At 215 hPa (Figure 3c ) an area of divergence is located slightly to the east side of the convective center and moves eastward from the Indian Ocean to the central Pacific. Warm anomalies (red contours) with an amplitude of about 2 K precede the active convective system by about 20°. This feature in the temperature field is similar to that found by Hendon and Salby [1994] . Consequently, the warm anomalies precede the easterly wind anomalies by about 35°, indicating that the temperature anomalies and the zonal wind anomalies are almost in quadrature.
[29] At 146 hPa ( Figure 3b ) the easterly (westerly) wind anomalies are in phase with the cold (warm) anomalies from the Indian Ocean to the central Pacific. At 100 hPa (Figure 3a) , cold anomalies with an amplitude of about 5 K appear at about 30°on the east side of the convective system. The cold anomalies precede the easterly wind anomalies which are located almost over the convection center, indicating that the temperature anomalies and the zonal wind anomalies are almost in quadrature, but the phase relation is opposite to that at 215 hPa. This is because the temperature anomalies tilt eastward with increasing altitude (see Figure 6 ), though the zonal wind anomalies are almost coherent in the vertical direction. The temperature structure is regarded as the Kelvin wave response to convective heating [e.g., Hendon and Salby, 1994] .
Water Vapor and Temperature
[30] Next we show longitude-time sections of the composite WVm field with the temperature field superimposed at 100, 146, and 215 hPa to clarify relationships between the two parameters (Figure 4) . At 215 hPa (Figure 4c ), wet anomalies (blue shading) move eastward with the convective system from the Indian Ocean to the western Pacific. Temporal variability of WVm anomalies is larger in the Eastern Hemisphere, especially over the western Pacific with an amplitude of about 30 ppmv, than in the Western Hemisphere where the eastward propagating anomaly is hardly seen.
[31] At 146 hPa (Figure 4b ) in the Eastern Hemisphere the wet anomalies still exist over the convective system, and they move eastward accordingly. A correlation between the temperature and WVm anomalies at 146 hPa is negative. Around day 0, dry anomalies appear over the eastern Pacific, which may be related to the corresponding anomaly at 100 hPa seen in Figure 4a . The water vapor distribution at 146 hPa seems to be affected from below and above.
[32] At 100 hPa ( Figure 4a ) the eastward moving humidity field is not clear. Over the Indian Ocean the dry anomalies (purple shading) appear around day À14, and the wet anomalies appear around day +8. Over the Pacific Ocean, on the contrary, the wet anomalies appear around day À14, and the dry anomalies appear around day +5. This nonpropagating dipole feature of the WVm anomalies at 100 hPa will be discussed in detail 
Cirrus Cloud Frequency
[33] Figure 5 shows longitude-time sections of cirrus cloud frequency anomalies at 100 and 146 hPa inferred from the CLAES aerosol data averaged between 10°S and 10°N. No result is shown at 215 hPa, since the CLAES measurement is degraded by overlying clouds, especially over the convective region . As described in section 3, we used the zonal and temporal anomaly data to show the space-time development of cirrus clouds. The cirrus cloud frequency averaged over the convective area is about 60% at 100 hPa and 70% at 146 hPa. Eastward moving positive anomalies of the cloud frequency at 146 hPa coexist with the cold anomalies where the convective system is active (Figure 4b ).
[34] At 100 hPa (Figure 5a ), positive anomalies of the cloud frequency still coexist with the cold anomalies at the east side of the convective system from the Indian Ocean to the central Pacific. In particular, higher cirrus cloud frequencies coincide with the cold temperatures at 120°E on day À18 and at 180°E on day +2 when the convective system is active, suggesting a clear relationship between the cirrus cloud occurrence and the cold temperature.
Vertical Structures
[35] In this section, we describe the vertical structure of WVm and other meteorological variables to summarize the relationship shown in section 4. Figure 6 shows longitudepressure cross sections of the composite anomalies of WVm (shading), cirrus cloud frequency (triangles), temperature (contours), and wind fields (vectors) averaged between 10°S and 10°N on day À15 and day 0, representing a developing and a mature stage of the ISO, respectively. The ISO indices for the 2 days are almost in an opposite phase, and the convective centers on each day are located at 110°E and 165°E, respectively. Around the convective center, strong ascent and wet anomalies are seen throughout the troposphere.
[36] For the temperature field on both days, warm anomalies exist slightly to the east side of the convective system in the middle troposphere up to around 215 hPa, with its maximum located around 300 hPa. At 146 and 100 hPa, cold anomalies appear over the convective region. On days À15 and 0, the minimum temperature at 100 hPa is located at 125°E and 190°E, respectively. The vertical structure tilts eastward with increasing height above 215 hPa; thus the temperature anomaly changes sign around 200 hPa, as already shown in Figure 4 . This feature is essentially similar to that due to the convectively coupled Kelvin wave [e.g., Wheeler et al., 2000; Straub and Kiladis, 2003] . The existence of the cold anomalies near the tropopause over the convective clouds is also reported by Johnson and Kriete [1982] . In the wind field on both days, upward motion is dominant over the convective system at 215 and 146 hPa, and the easterly anomalies prevail at 100 hPa. [37] On day 0, wet anomalies (about 10 ppmv) extend up to 146 hPa over the convective region; at 100 hPa, dry anomalies exist at the east side of the convective system, where it is cold. On day À15, overall features of the WVm field are similar to those on day 0 up to 146 hPa, but the dry anomalies are located at the west side of the convective system (about 80°E) at 100 hPa. This discrepancy at 100 hPa will be discussed later in Figure 7 .
[38] On both days at 146 hPa, cirrus clouds occur frequently over the convective system with the wet and cold anomalies, but those at 100 hPa occur frequently in the cold anomalies ahead of the convective system. It should be noted again that the temperature structure and the resulting cirrus cloud occurrence around the tropical tropopause are strongly controlled by the Kelvin wave response to the convective heating with the ISO timescales. It is well known that the convective heating can also produce characteristic flow patterns due to the Rossby wave response, and the related horizontal features will be described in section 6.
Horizontal Structures at 100 hPa
[39] Figure 7 shows horizontal maps at 100 hPa from day À15 to day +5 every 5 days to view the influence of the meteorological fields on water vapor and cirrus cloud distributions. Figure 7 uses the composite data without applying the band-pass filter or subtracting the zonal mean.
[40] Figure 7a shows the wind field and the saturation WVm field inferred from the ECMWF temperature. The convective center (minimum in OLR) indicated by a red star is located over Indonesia on day À15 when the ISO is developing. On day À10 it moves to the Timor Sea, and the minimum OLR anomaly weakens (see Figure 2 and Rui and and Yanai et al. [2000] ). The convective system becomes stronger again around day À5 when it moves to the western Pacific, and it becomes a mature stage on day 0 around 165°E, 7.5°S. On day +5 the convective center moves over the central Pacific, and afterward, the OLR anomaly diminishes.
[41] In the saturation WVm field in Figure 7a , low values (cold regions) are seen over the western and central Pacific. The main structure is almost quasi-stationary throughout the period and symmetric with respect to the equator. The WVm of 3 ppmv (dark shading) corresponds to the temperature of 189.6 K at 100 hPa. The strength and longitudinal extent of the cold region vary with the eastward moving convective system. When convective activity becomes larger around day À15 (more exactly day À18) and day 0, the temperature gets colder over the western and central Pacific, respectively (see also Figure 3 ). This suggests that the effective dehydration may occur around this time.
[42] In the wind field, eastward moving anticyclonic gyres located at the northwest and southwest of the cold region are prominent; the northern one is stronger than the southern one, as shown by Kiladis et al. [2001] . The easterly over the equatorial cold region is a part of the anticyclonic gyres, and the divergent area is located at the east side of the coldest region. In the northern subtropics, there are strong westerlies (20 $ 30 m s À1 ), and they are coupled with the northern subtropical gyre.
The wind field is also modulated by the ISO as in the temperature field. On day À15 the wind field is rather zonal, and the easterly at the west side of the cold region reaches Africa. Between day À10 and day À5 the easterly diminishes in the Indian Ocean, but the southerly becomes stronger (about 7 m s À1 ) over the South China Sea and the western Pacific, as the northern gyre develops. The center of the northern gyre further moves eastward to 180°E on day 0. Through the period the southern gyre is not clearer than the northern one. Consequently, the coupled structure of the cold region and the gyres moves eastward with the convective system.
[43] Figure 7b shows the composite WVm and the cirrus cloud frequency. The WVm minima are mostly found along two latitude circles, one over the equator and the other around 25°N. There exist high cirrus cloud frequency regions over the western and central Pacific, Africa, and South America, along the equator where it is cold. Around days À15 and 0 the cirrus clouds occur frequently over the western and central Pacific, respectively, as shown in Figure 5a . The Southern Hemisphere is about 1 ppmv wetter than the Northern Hemisphere, which is also shown by Gettelman et al. [2002] using WVm averaged over eight Januaries (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) of the Halogen Occultation Experiment (HALOE) data. They suggested that the wetter air is provided by deep convection which is located in the south of the equator in January. Our results suggest that the northern gyre makes it much drier in the Northern Hemisphere than in the Southern Hemisphere.
[44] Time variations of the WVm distribution are closely coupled with the temperature and the wind fields. On day À15, dry regions are found around the equator and 25°N from the Indian Ocean to the eastern Pacific. On day À10 a bridge of a dry airstream is established around 70°E between the two dry latitude bands in association with the development of the subtropical northern gyre. On day À5 the bridge in the Eastern Hemisphere moves eastward, and another bridge is established in the eastern Pacific. On day 0 the western bridge is diminishing, and the dry region is found in the equatorial central and eastern Pacific. The latter seems to be a pond of dry air transported along the dry stream from the equator and through the subtropics. On day +5 the dry region in the northern subtropics becomes weak, but it remains over the equatorial central and eastern Pacific. The sequence of the WVm variations suggests that the gyres contribute to dehydration through the equatorial cold region and to an exchange of the dry air between the tropics and the subtropics.
[45] Subtropical dry air moves eastward faster than that in the equatorial region since the subtropical westerly is faster than the eastward propagating speed of the convective system. In a longitude-time section of WVm in the northern subtropics (Figure 8 ) it is clear that the dry region moves eastward around the globe, but it is less clear over the central Indian Ocean (day À15) and the eastern Pacific (day 0). Around these days in the equatorial region (see Figure 4a ) the dry anomalies appear and extend westward around day À15 and eastward and westward after day 0, respectively. The eastward moving dry anomalies are not clear around these days because the dry air created over Figure 7b , contour intervals start from 20% with an interval of 20%.
the equatorial cold region is transported to the subtropics by the northern gyre, which enhances when the convective system moves eastward over the Pacific.
Summary and Conclusions
[46] We have investigated space-time variations of tropical upper tropospheric water vapor and cirrus clouds associated with the ISO, such as the MJO, by using the WVm and cirrus cloud frequency data from the UARS MLS and CLAES. The five ISO events during boreal winter (November-April) from October 1991 to April 1993 are composited with respect to the time series at the reference point (165°E, 10°S) where variations of the OLR anomalies are largest.
[47] The wet anomalies at 215 hPa lie over the convective region and move eastward with an average phase speed of 5.4 m s À1 from the Indian Ocean to the date line. After passing the date line, the convective system decays, and the wet anomalies disappear. At 146 hPa the moisture and cirrus cloud fields move eastward with the convective system within the Eastern Hemisphere as at 215 hPa. It is suggested that the WVm distributions up to this level are strongly affected by convective activity. At 100 hPa the eastward moving system of the WVm anomalies is not clearly seen in the tropics. Cirrus clouds occur frequently in the cold anomalies located in the east side of the convective system. It is suggested that cirrus clouds around the tropopause are formed because of cold temperature induced by the convective system.
[48] Dynamical structures in the TTL associated with the ISO seem to be due to a combination of the equatorial Kelvin wave response around the equator and the equatorial Rossby wave response in the tropics and subtropics [e.g., Rui and Wang, 1990; Hendon and Salby, 1994; Matthews, 2000; Straub and Kiladis, 2003] . The temperature field is almost symmetric with respect to the equator and tilts eastward with increasing height in the tropics; this would be due to the equatorial Kelvin wave response. At 100 hPa the minimum temperature is located over the equator at the east side of the convective system, where cirrus clouds occur frequently. The cirrus cloud occurrence is closely related to the temperature perturbation associated with the ISO.
[49] Two gyres linked to the Rossby wave response are seen to the northwest and southwest of the cold region. At 100 hPa, air may be dried through cirrus formation when it passes through the cold region over the equator along the easterly wind between the two gyres. The dried air is conveyed to the subtropics, and some of it returns to the equatorial region. It is suggested that the Northern Hemisphere is much drier because the northern gyre is stronger than the southern one. Thus the gyres may affect dehydration around the cold region and exchange between the tropics and subtropics.
[50] Fujiwara et al. [1998 Fujiwara et al. [ , 2001 proposed the role of the equatorial Kelvin wave in dehydrating air entering the lower stratosphere, but the discussion is limited only to the equatorial region. Hatsushika and Yamazaki [2003] investigated a dehydration mechanism in the TTL by using an atmospheric general circulation model with a mean steady flow during boreal winter and showed that the anticyclonic gyres over the tropical western Pacific entrain air several times to the equatorial cold region. Observationally, Pfister et al. [2001] found from a back trajectory calculation during boreal winter that advection linked to the anticyclonic circulation over the western Pacific can transport dry air dehydrated over the equatorial cold region. Synthesizing these previous works, the present study has shown using satellite data that the intraseasonal variations of the easterly wind linked to the Rossby wave response over the cold region linked to the Kelvin wave response could play a central role in dehydration in the TTL.
[51] The analysis period includes the warm phase of the ENSO (1991 -1992 . The meteorological fields are affected by the convective perturbation associated with the ENSO [e.g., Yulaeva and Wallace, 1994] . During El Niño winters the MJO events intrude into the central Pacific [e.g., Hendon et al., 1999] . Comparing the composite WVm field of the first two events during 1991 -1992 boreal winter with one of the last two events during 1992-1993 boreal winter, the dry region appears from the Indian Ocean to the eastern Pacific in the former but from the Indian Ocean to the western Pacific in the latter (not shown). However, the main features of the temperature and wind fields are commonly seen in the five ISO events.
[52] Distribution of the averaged WVm at 100 hPa during the boreal winter is shown by Gettelman et al. [2002] using the HALOE data. They found that the WVm minimum located at the northern subtropics is caused by the meridional transport associated with the local Hadley circulation through the cold region. They also showed that cirrus clouds inferred from the HALOE aerosol data occur frequently over the cold region, similar to Figure 7 . Comparing the horizontal distribution of the averaged MLS WVm during the boreal winter seasons (December, January, and February in 1991 -1993, similar to Figure 7b ) with Figure 1 of Gettelman et al. [2002] , the most striking difference is that the dry regions along the equator can only be seen in the MLS data. The discrepancy may suggest the difference between the HALOE and the MLS measurements. The vertical field of view of the 183 GHz band which is used to retrieve the stratospheric water vapor is nearly 4 km at 100 hPa. Since the averaging kernel for 100 hPa WVm has a peak close to 68 hPa [Pumphrey, 1999] , the WVm data at 100 hPa may be affected by the upper layer. Probably because of this reason, WVm at 100 hPa is about 0.5 ppmv drier than the HALOE observation in the tropics . The validation with other instruments is discussed in detail by Read et al. [2001 Read et al. [ , 2004 .
[53] Further understanding of the intraseasonal WVm variation and the effect of the ISO on the dehydration mechanism around the tropopause region is required. We hope that the new MLS and other instruments on board the Earth Observing System (EOS) Aura, which will be launched in 2004, provide extensive measurements of water vapor, cirrus clouds, and other minor species and that we utilize these data to clarify the variation of water vapor around the TTL in much detail.
